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Abstract

:

The drive to increase the efficiency of processes based on two-phase flow demands the better precision and selection of boundary conditions in the process’ control. The two-phase flow pattern affects the phenomena of momentum, heat, and mass transfer. It becomes necessary to shift from its qualitative to quantitative evaluation. The description of the stationary structure has long been used in structural studies applied to metals and alloys. The description of a gas–liquid two-phase mixture is difficult because it changes in time and space. This paper presents a study of the precise determination of two-phase flow patterns based on stereological parameters analysis. The research area is shown against the flow map proposed by other researchers. The experiment was taken in the thin clear channel with dimensions of W = 50 × H = 1200 × T = 5 mm. The test method is based on the visualization of a two-phase air–water adiabatic flow pattern in the rectangular channel where superficial air velocities ranging from 0.006 to 0.044 m/s and the superficial water velocity ranged from 0.011 to 1.111 m/s. A high-speed camera was used for visualization. Images were analyzed with the use of stereological techniques. The study included the classification of structures according to generally accepted two-phase flow regime nomenclature for upwards co-current gas–liquid flow in a vertical rectangular channel. The result of the research was the determination of the stereological parameters’ changes with reference to the two-phase mixture flow hydrodynamics. The results were presented as waveform fluctuations in the values of stereological factors such as the volume fraction VV, interfacial surface SV, number of objects NV, mean chord l′m and the free distance λ. The description of how these parameters change with changes in phase fluxes is also presented. These waveforms help to distinguish the transient flow regimes, which allow for the automatic adjustment of the process stability. The authors found templates of the stereological parameters’ dependencies for flow pattern recognition. The research demonstrates wide possibilities of stereological methods’ application for the analysis of the two-phase gas–liquid process. The stereological model of two-phase pattern control enables the identification of process disorders.
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1. Introduction


Two-phase flows of liquid and gas are encountered, among others, where boiling, condensation, rapid pressure drop in the liquid, cavitation, hydraulic transport, and others occur. Hence, liquid and gas flow take place in many technical devices and systems in power generation, refrigeration, rocket technology, hydraulic transport, and other technical fields. The industry needs the high quality and performance of these devices and systems. This need, in turn, leads to a search for newer and improved methods to more accurately predict and control processes based on the flow of multiphase mixtures. The two-phase flow pattern in such devices has a major impact on the intensity of the heat and mass transfer process and the overall process stability, e.g., in the power generation industry, the uniformity of heating the water screen (the flame tubes) and the flow distribution of the forming two-phase mixture have an impact on boiler safety [1,2]. Sustainable development in the economy requires energy-saving abilities, along with a reduction in energy consumption, waste generation, and the use of raw materials. The enabling of waste recycling, waste energy recovery, and the rise in overall process efficiency in industries is also essential [3,4]. Industrial processes that meet these characteristics are now in high demand.



Interest in two-phase flows at a wide range of scales (especially mini- and micro-scale) has increased due to the possibility of using boiling liquids [5,6], i.e., liquid–vapor flows, in power systems or for cooling systems [7,8] of miniaturized integrated components in electronics, high-power lasers, compact heat exchangers with high flow rates, etc. [9,10]. This interest comes from the fact that in the boiling process, especially when the vapor phase content is low, the heat transfer coefficients are much higher than for single-phase flows which, until now, were commonly used in cooling systems. [11]. In addition, there is the aspect of the miniaturization of devices, and the possibility of running processes in parallel as well as in a continuous operation mode [12]. The global pursuit of sustainable development strengthens efforts to improve performance while reducing the size of all devices. Research on flow, boiling, and heat transfer in smaller-scale channels enables the utilization of latent heat of vaporization in their compact sizes. The ability to calculate the pressure drop or holdup increase for two-phase flows in channels with variable cross-sections and to determine changes in enthalpy, flow velocity, and other physical quantities, such as the distribution of the aridness and the volumetric content of the vapor phase, forms the basis for the design of piping systems, the construction of equipment and complex industrial apparatus [13]. These calculations are significantly different for the design of equipment at the macro scale, and the micro-scale. An example of this is the study of two-phase flow in minichannels, which are used in micro heat exchangers, and concerning the flow structures formed in them and the pressure drops of the two-phase fluid moving in such capillaries [14]. The evaluation of the two-phase flow regime with the identification of flow patterns and void fraction, in most cases, is carried out by visual observation of the two-phase mixture flowing in a transparent duct. In cases where visual observation is not possible, direct measurements are used using various types of probes placed inside the duct [15], or with the use of electrical capacitance tomography [16,17], gamma radiation [18], X-ray attenuation [19], and ultrasonic technology [20]. Another approach is to infer the type of structure based on, for example, measurements of the physical properties of the introduced phases and knowledge of the geometric dimensions of the apparatus [21,22] with the use of computer techniques, non-invasive measurements, and control of two-phase flow [23]. Additionally, image analysis [24,25,26] with numeric modeling [27,28,29] and the neuro-wavelet approach [30] are now commonly used. Currently, technology allows signals to be recorded at high frame rates, and the resulting data provide information about the dynamic characteristics of the entire process. This allows for stochastic analysis of the process [31].



In the past, it was believed that an increase in production was associated with an increase in the scale of industrial processes and equipment, and this was the prevailing trend worldwide. Today, this trend is reversed; miniaturization dominates, and devices are becoming more and more compact to achieve the largest possible heat transfer or phase contact area in a given volume. Microdevices are also easier to control, and the processes within them are more stable compared to macro-scale devices. Many of these processes use two-phase fluid flow moving through micrometer-scale channels. An example of research on developing rules to precisely control bubble formation in gas–liquid microfluidic devices (original: a microfluidic flow-focusing device) is the work [32], mixing/reaction in microchannel [33], cool electronic components [34], and molecular biological processes [35]. The most important issue in industrial processes is process control and safety. Systems using gas–liquid two-phase mixture flow have been widely used in many industries and establishing the flow regime (especially the pattern of the two-phase fluid) is essential to process operation. Due to the complexity of the two-phase mixture flow phenomenon, measurement of the parameters and features of the two-phase patterns is still a challenge [1,36]. There is a search for algorithms for flow structure reconstruction based on image analysis [37,38].



This research intends to develop and apply a new technique for two-phase flow visualization and control based on stereology science. Stereology enables the reconstruction of three-dimensional objects from their two-dimensional representations. With the use of a high frame rate camera and a common software, the proposed method is capable of achieving comparable accuracy to tomographic methods and provides a quantitative and qualitative valuation of the two-phase flow patterns [39,40]. With the experimental results in this paper, an attempt is made to prove an earlier hypothesis, which stated that the parameters of a gas–liquid two-phase flow pattern can be accurately measured through stereology. The contribution of this work is the evaluation of the two-phase flow pattern, which allows for a more accurate description of the flow regime and makes it possible to quantitatively measure the characteristics of the flow structure.




2. Flow Pattern Classification and Flow Maps


In process engineering calculations involving the flow of a two-phase mixture, the evaluation of the flow structure (two-phase flow pattern) is of fundamental importance. The type of the two-phase flow structure is one of the main parameters on which the mechanism of heat and momentum exchange depends [41]. Therefore, the question of structure prediction and, consequently, taking into account its influence on the flow-related phenomena, is one of the important engineering tasks [42].



The flow pattern of a gas–liquid mixture moving in a duct is the distribution of the concentration of the two phases, at a given place and time, involved in the occurring phenomenon. The formation of specific types of two-phase fluid flow pattern depends on various factors, which include: physicochemical properties of the phases (e.g., density, viscosity, surface tension, duct pressure), mass fluxes of the phases, geometrical conditions of the duct (e.g., size, shape, the position of the duct), properties of the materials used to construct the duct (e.g., roughness of the internal surfaces of the duct). The structure of a two-phase fluid may change with the length of the conduit through which the mixture flows, the change in direction of flow of a phase (e.g., upstream, downstream, countercurrent, co-current). It can occur naturally (e.g., by evaporation, condensation) or artificially as a result of both phases being fed into the conduit simultaneously.



Many researchers have dealt with the classification of two-phase fluid flow patterns, e.g., for upward co-current flow [2,41,42]. In general, the determination of the type of structure was made intuitively based on subjective visual observations, averaging the distribution of phase concentration over time and space. As a result, several structure types were identified, which eventually yielded the so-called basic classification of two-phase fluid patterns. For upward air–water co-current flow in a vertical channel: dispersed bubbles (DB), bubbles (B), plugs (P) or slugs (S), froth or foam (F), annular (A) and mist flow (M) [43,44]. However, this classification does not exhaust all the forms of structures and patterns that can form during the flow of a two-phase mixture. The subjectivity of the assessment and the multitude of observed types of structures make it difficult to compare the results obtained for the same type of channel, with the same orientation by different researchers.



As the hydrodynamic properties of a two-phase fluid change, there is a change in the flow pattern of that fluid, which means that it is possible to predict it from known parameters specific to that flow. Based on this observation, some researchers have produced a variety of diagrams named flow maps. These maps are graphical representations of the extent of each flow pattern type in the form of areas separated by boundary lines. However, the boundary lines are not explicitly defined, but only provide a rough boundary on the areas in which certain classical forms of fluid flow may occur (see Figure 1 and Figure 2).



Initially, these boundaries were determined almost exclusively based on experimental data, and an example of a modern study on identifying the two-phase flow pattern and determining a flow map for such a channel configuration is presented in [47]. With time, maps started to emerge from theoretical models. At present, the latter approach is dominant even though the simultaneous flow of non-mixing fluids is a much more complex problem than the flow mechanics of single-phase fluids. The description of macroscopic instability mechanisms occurring in two-phase flow systems is widely discussed in the work [48]. Examples of theoretical/analytical solutions are models based on an open-source finite element framework to model multiphase polydispersed flows for bubbling flow in microchannels [49], or the classical transient drift–flux model with simplifying equations that speed up calculations [50]. Due to the lack of a universally accepted coordinate system for flow maps, many authors use individual criteria and their classification of structures to create them.



This state of matters causes great problems with the systematization or selection of the proper map, and the structure assessment made on their basis covers only classical flow regimes. It is an insufficient approach for constantly rising precision requirements of designers and users of new industrial apparatus.




3. Problem Definition


The production systems (especially in mini-scale) require very well-defined features of the forming two-phase structure. Relying on information about the flow regime, and hence the structure, based on flow maps is not sufficient. Boundary lines determined either from models or observations separate the areas of occurrence of a given type of structure. Additionally, here the question arises: does it mean that in every point of this area the structure will be the same?



Due to the complexity of the two-phase fluid flow, researchers most often refer to flow models or flow maps in evaluating the observed pattern to assign and fit their observations to the classical nomenclature of flow regimes. This approach may not be sufficient for the development of increasingly precise devices in which the type of the two-phase flow structure produced has a major impact on the processes. Therefore, in addition to qualitative evaluation, accurate quantitative evaluation becomes more important. For this task, stereology is very well suited, which has been developed precisely for the quantitative evaluation of multiphase microstructure in materials. This evaluation is based on stereological parameters that enable its three-dimensional original to be statistically reproduced. In this study, stereological techniques were used to analyze flow structures whose extent was contained in uniform areas defined by the boundary lines of the presented flow maps. The study aimed to check whether there are differences in the two-phase flow patterns in the bubble pattern area of occurrence and if so, how big they are. The novelty is the precise determination of the hydrodynamic properties of the pattern and the possibility of matching them to the requirements of a given industrial process.



Since stereology of a two-phase flow allows not only qualitative but also quantitative assessment, we can quite accurately compare similar types of two-phase flow patterns. That is, we can identify differences for structures that are categorized as a given structure type from a common nomenclature and are contained within the area separated by boundary lines. These subtle differences in the structural features can be used to improve a particular process. It can be said that in this way, an additional detailed flow map can be created for a selected area of an existing map with specific boundary lines for a specific system or device.




4. Materials and Methods


To evaluate the structure of a gas–liquid two-phase fluid employing stereological techniques qualitatively and quantitatively, a system, shown in Figure 3, was used to produce gas–liquid mixtures. At the lower part of the system, there is a mixing chamber with a pinhole distributor in which the two phases (water and air) are mixed. The resulting mixture flows co-current vertically upward in a narrow, rectangular channel. The walls of the channel are transparent, which makes it possible to record the phenomenon. The mixture flows in a volume with the dimensions: width (W) = 0.05 m, thickness (T) = 0.005 m, height (H) = 1.2 m., as shown in Figure 4a. During the experiment, the gas velocity was changed in the range wG0 = 0.006–0.044 m/s, the liquid velocity in the range wL0 = 0.01–1.1 m/s.



The measured data were acquired using a high-speed imaging camera, which recorded the forming two-phase flow patterns in a transparent channel. The bright field technique, which is presented in Figure 4b, was used to visualize the phenomenon. The recorded data are a sequence of bitmap images that enable observations of the evolution of the two-phase flow over time. As shown in [39], the image that best characterizes the type of two-phase flow pattern is the one with the grey level value (GL) closest to the average calculated for the whole sequence. Such images were then digitally processed. This operation was aimed at the enhancement of image features, making it easier to distinguish individual phases of the mixture. The final step in the evaluation was the analysis by stereological techniques [51]. Stereology was originally developed for quantitative metallography. In these techniques, an image is examined by applying a test feature to the image, which can be in the form of a surface, a line, or a point. In the presented work, a linear test element was used to determine the phase composition of the relative volume VV using the linear method [52]. On the other hand, the directed secant method in combination with the linear method was used to determine the boundary surfaces of the interfacial relative surface SV. For the determination of the relative number of NV objects, the Saltykov inverse diameters method [53] was used. These methods have been adapted to digital image testing to speed up the process of two-phase flow pattern identification [54]. Image processing and analysis is a very important process for metallographic measurements [55], which can be successfully used analogously to measurements related to structure recognition of two-phase fluid flow. The idea of these techniques is shown in Figure 5.



The completed counts on the two-phase pattern image using the chord as a test element were used to determine five stereological parameters. Specific parameters for this case are: the volume fraction VV, the interfacial surface SV, the number of objects NV, the mean chord l′m, and the free distance λ. These are not all possible stereological parameters that can be determined from the image of the two-phase fluid structure, but such that allow it to be explicitly described and assigned to a general classification of two-phase flow patterns. The basic and most important, from the process point of view, flow parameters of multiphase mixtures are phase fractions and the size of the interfacial surface. Reaching accurate values of these parameters was the basic aim of stereological parameters selection. Among many stereological parameters, the chosen ones allowed us to reach the goal as quickly as possible. These parameters have been calculated using Equations (1)–(5).



The relative volume of convex shapes from the projection equation:


   V V  =     A ′  A  ⋅  l m   t   



(1)







Relative interfacial area of the closed body from the projection equation:


   S V  =   4   A ′  A   t   



(2)







A number of closed bodies in the volume from the projection equation:


   N V  =      N ′   A   t   



(3)







The average length of chords for the projected objects equation:


     l ′   m  =      L ′   L       N ′   L     



(4)







Average free distance for convex shapes from the projection equation:


  λ =   t −    A ′   A  ⋅  l m       N ′   L  ⋅    l ′   m     



(5)







The parameter VV is the volume fraction and is used to determine the relative volume of a given phase relative to the total volume of the mixture. The volume fraction is the percentage of a given component in a given volume. The VV parameter cannot determine the distribution of a given phase or the shape of the flow pattern. The following stereological parameters are used for this purpose. The SV parameter is the relative interfacial surface area per unit volume of the mixture expressed in m2/m3. The stereological method finds closed boundaries separating volumes of individual components of a two-phase mixture. The parameter NV is the number of particles in a given area and represents the number of bubbles or droplets per unit volume of the mixture, expressed in numbers of particles per m3 of the two-phase mixture. The mean chord l′m and mean free distance λ are structural parameters characterizing certain spatial features of the two-phase flow pattern; in this case, the sizes or distances between individual elements of the dispersed phase, such as bubbles or droplets. A more detailed description and definitions of the parameters used can be found in the paper [51]. A single parameter, although it can sufficiently describe some feature of a gas–liquid mixture (e.g., volume fraction VV—the proportion of gas in the mixture volume), is insufficient to identify the flow structure formed. For VV alone, we do not know, for example, how this gas is distributed in the mixture volume (shape and size of bubbles, their distribution in the channel volume). Further inference about the nature of the flow requires analysis of the values of a group of parameters. That is, the main advantage of the described method is the parameterization of the image of the flow structure of the two-phase fluid. This provides a starting point for an automatic system of the monitoring and control of such a phenomenon. Additionally, the information coming from the discussed five stereological parameters is sufficient because the key concept of the developed method is the parameterization of the flow pattern image, in the way to be comprehensible for the regulatory system, those 5 parameters support it.




5. Results


As previously written, data acquisition is a multi-step process. The first stage of research is the visualization of the phenomenon of two-phase fluid flow. The tests were planned in the bubbling flow regime area. The range of tests is presented in the form of points on the background of flow maps in Figure 6 and Figure 7. The liquid phase flux varied from 0.01 to 1.00 m3/h, while the gas phase flux from 0.005 to 0.04 m3/h.



As a result, digital images of the gas–liquid mixture pattern created inside the test channel were obtained, as shown in Figure 8. It clearly shows a diversity of structures even though, according to the flow maps shown earlier, the flow pattern is still within the parameters predicted for a bubbly structure. In a qualitative assessment, all these cases are within the bubbling regime, but in a quantitative assessment, the variation in hydrodynamic parameters can be significant, as shown later in this article.



In the second phase, secant scanning of the registered images was performed. As a result, chord lengths were obtained and assigned to the corresponding class intervals. The obtained results were then classified into the resolution series shown in Table 1.



Each set of secant and chord for a particular scan direction provides sufficient data for further analysis. However, due to the possibility of a structure with a partially linear orientation, scanning in two perpendicular directions was performed and then the acquired data were summed to increase the accuracy of the analysis. Table 2 shows an example of the summed data of the analyzed bubble structure.



In the third phase, the above data were used to determine the searched stereological parameters. As a result, for each image, a set of values characterizing a given structure were obtained. Determined values of stereological parameters used in this research, similarly to registered images, were set in matrices, each separately for a given parameter. In these matrices, the column represents the parameter values obtained for increasing liquid phase velocity wL0 and the row represents the parameter values obtained for increasing gas phase velocity wG0. Finally, all the determined values are summarized in Table 3.



To better illustrate the nature of stereological parameter changes depending on flow rates, let us show them in the form of planar graphs, as in Figure 9. These are qualitative diagrams, showing the topography of the changes that are to be used to obtain information about the control and regulation of the process.



As a result of the study, changes in the geometric characteristics of the objects forming the structure of the gas–liquid mixture were observed with a change in the flow parameters of both phases. For example, when considering the relationship between the determined structural parameters summarized in Table 3, between the point P1 and its immediate surroundings, we can analyze the transition from P1 to P2, P1 to P5, and P1 to P6, as shown in Figure 8.



For example, when the flow characteristics representing the transition from point P1 to P2 are changed, the following effects can be observed:




	
the gas volume fraction VV increases by 42%,



	
interfacial area SV increased by 150%,



	
the number of bubbles NV increased by 200%,



	
the mean bubble dimension l′m decreased by 45%



	
the average distance between bubbles λ decreased by 41%.








This means that a greater number of smaller bubbles appear in the structure with a simultaneous increase in VV, SV and NV. This is also evidenced by a decrease in the average bubble size l′m and the distance between the bubbles λ. Additionally, an increase in the volume fraction results in a decrease in the distance between bubbles in the mixture volume. Other structural changes are observed in the transition from P1 to P5. In this case, there is a simultaneous increase in SV and NV but a decrease in VV. This means that despite the fading of the gas phase, there has been a development of the interfacial surface. This indicates that the bubbles are more finely distributed and have a larger interfacial area. The appearance of more bubbles (an increase in NV at constant volume) resulted in a decrease in bubble size. Additionally, more abundant bubbles in the same volume must have smaller distances between them (decrease in λ).



As can be seen, these are directly measurable parameters and once appropriate algorithms are developed, these can be measured in real-time and used for process control. For example, when looking for the best structural features, e.g., a very developed interfacial surface and a large volume share, which promotes turbulence in the process and the acceleration of contact reactions, it is clear from the four points considered that it will be the structure that has established at P2 or P6 that best meets the requirements.




6. Conclusions


With the experimental results in this paper, an attempt is made to prove an earlier hypothesis, which stated that the parameters of a gas–liquid two-phase flow pattern can be accurately measured through stereology. As a result of the research, the authors found dependency patterns of stereological parameters for flow pattern recognition. These patterns in future research will provide information for controlling gas–liquid two-phase flow. The paper demonstrates the broad applicability of stereological methods to analyze the gas–liquid two-phase process.



Using stereological techniques adapted for the identification and structure assessment of gas–liquid two-phase mixtures, five parameters were determined that are important for the analysis of two-phase fluid flow. These are volume fraction VV, interfacial area SV, number of objects NV, mean chord l′m and free distance λ. Only by analyzing the entire set of parameters can the flow patterns be properly interpreted and evaluated.



For better illustration, an analogous plane plot was created for each parameter, mapping its variation against changes in gas and liquid velocities.



Comparing the sets of five parameters for consecutive structures in this area, we do not observe, as could be expected, a uniform trend, e.g., ascending or descending in the direction of the boundary line, of the values for the individual parameters. On the other hand, some kind of disturbance of this trend in the direction perpendicular to the boundary line was observed. This is particularly evident for structures that formed at liquid phase velocity wL0 = 0.11 m/s. The parameter values for these structures are either smaller (e.g., for the parameter λ, SV, NV) or larger (e.g., for the parameter l′m) than their neighbors, which is observed as a valley or a hill on the planar diagrams. The shape of the planar graphs thus shows potential for identifying the causes of instability.



It is seen that even in a uniform region of bubble structure, the method is very sensitive and shows subtle changes that occur between parameters characterizing the two-phase structure when the liquid or gas phase velocity changes. By mapping the entire two-phase flow region with a set of proposed parameters within which a process is carried out, we can fully control it. This information is also important for the automatic control and monitoring of the process, as it allows an accurate determination of the flow conditions.



The contribution of this work is the evaluation of the two-phase flow pattern, which allows for a more accurate description of the flow regime and makes it possible to quantitatively measure the characteristics of the flow structure.



The design of processes using two-phase fluid flows is based on the use of a specific flow structure. The structure with the most desirable parameters for the process (such as an appropriately sized interfacial area) has priority for the process. Any deviation is undesirable. Stereological parameters can measure the details of the structure, which makes it possible, for example, through feedback with the control and measuring equipment, to react quickly and return to the optimal value of a specific parameter, which makes it possible to increase the efficiency. Although the process is generally in the bubble regime, it can still be optimized just by using subtle changes in the stereological parameters.
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Figure 1. Two-phase flow map according to Titel [45] for vertical pipe with the areas of flow patterns indicated. 
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Figure 2. Two-phase flow map according to Mishima and Ishii [46] for the narrow vertical rectangular channel with the areas of flow patterns indicated. 
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Figure 3. Schematic view of the measurement setup with the air/water inlet, air/water mixing chamber, rectangular measurement channel, air/water separator. 
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Figure 4. (a) Flow channel dimensions (a); bright field measurement technique diagram (b). 
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Figure 5. The idea of the measurement with the stereological technique—presentation of the linear method. 
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Figure 6. Two-phase flow map according to Titel for vertical pipe with the research area shown (red dots). 
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Figure 7. Two-phase flow map according to Mishima and Ishii for the narrow vertical rectangular channel with the research area shown (red dots). 
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Figure 8. An ordered matrix of recorded images of two-phase flow patterns; the increment in gas phase velocity wG0 is left to right, and the increment in liquid phase velocity wL0 is from front to back. 
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Figure 9. Plane graph of the variability of stereological parameters depending on phase velocity. 
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Table 1. A set of chords obtained by vertical secant object scanning (1024 pixels) in projection image.
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	Class Interval of Chord Lengths (Vertical)
	1–3
	4–6
	7–9
	10–12
	13–15
	16–18
	19–21
	22–24
	25–27
	28–30
	Total





	Class No.
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	



	Midpoint of the class li′
	2
	5
	8
	11
	14
	17
	20
	23
	26
	29
	



	Count ni′
	55
	121
	152
	209
	250
	127
	43
	25
	4
	5
	991



	Calculated chord length ni′ li′
	110
	605
	1216
	2299
	3500
	2159
	860
	575
	104
	145
	11,573



	Actual chord length
	108
	621
	1233
	2318
	3521
	2114
	854
	568
	105
	142
	11,584
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Table 2. Summary values obtained from vertical and horizontal image scan data.
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	Image Scanning Parameter
	Symbol
	Value
	Unit





	total length of secants in the projection
	L′
	303,104
	pixels



	total length of the secants on the cross-section
	L
	354,291
	pixels



	total number of chords obtained from the projection
	n′c
	1880
	pcs.



	total number of chords obtained from the section
	nc
	7609
	pcs.



	total length of the chords obtained from the projection
	Σ′nili
	23,161
	pixels



	total length of the chords obtained from the section
	Σnili
	119,540
	pixels
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Table 3. Matrix of the stereological parameters for analyzed flow rates.
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Stereological Parameter

	
wL0 (m/s)

	
wG0 (m/s)




	
0.0056

	
0.0111

	
0.0222

	
0.0444






	
volume fraction VV (%)

	
0.0111

	
3.8

	
5.4

	
11.9

	
16.7




	
0.1111

	
3.3

	
6.6

	
7.5

	
14.1




	
1.1111

	
0.2

	
0.2

	
0.3

	
0.6




	
interfacial surface SV (m2/m3)

	
0.0111

	
42.7

	
107.0

	
213.7

	
256.9




	
0.1111

	
76.2

	
106.6

	
75.8

	
125.6




	
1.1111

	
157.3

	
121.8

	
150.0

	
233.9




	
number of objects NV (pcs/dm3)

	
0.0111

	
267.4

	
802.7

	
1574.6

	
1822.5




	
0.1111

	
579.5

	
761.3

	
445.0

	
678.4




	
1.1111

	
1427.6

	
1071.4

	
1304.0

	
1979.3




	
mean chord l′m (m)

	
0.0111

	
0.0060

	
0.0033

	
0.0036

	
0.0041




	
0.1111

	
0.0032

	
0.0040

	
0.0070

	
0.0085




	
1.1111

	
0.0010

	
0.0014

	
0.0015

	
0.0018




	
free distance λ (m)

	
0.0111

	
0.1205

	
0.0708

	
0.0313

	
0.0223




	
0.1111

	
0.1058

	
0.0612

	
0.0591

	
0.0298




	
1.1111

	
0.1373

	
0.1365

	
0.1017

	
0.0553
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